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The defect induced magnetism has initiated a lot of interest in field of spintronics. In this regard, SiC is a
promising material because of its unique properties under extreme conditions. Hence it will be very much inter-
esting to investigate the interaction between defects and itinerant carrier in doped SiC for spintronics application.
We report the structural stability and magnetic interaction in Cr doped 3C-SiC synthesized by Thermal Plasma
Technique. The EPR spectrum of undoped 3C-SiC shows a sharp resonance line corresponding to g = 2.00
associated with the defects present in the system. Anomalous temperature evolution tendency of the relative
intensity of EPR spectra can be attributed to magnetically correlated defects in the host matrix. For the first time
we report the detailed quantitative analysis of X-band and Q-band EPR study in Cr doped 3C-SiC which reveals
that Cr can be in multivalent state. The non monotonous variation of Longitudinal Mode (LO) of the Raman
spectra has been explained based on the interaction between carriers and surface plasmon using Longitudinal
optical plasmon coupling model (LOPC). The carrier density calculated by using LOPC fit with experimental
data varies from 1.8×1015 to 4.2×1017 cm−3. Room temperature magnetic measurements exhibit ferromag-
netic behavior with non-zero coercivity for all the samples up to 7 T field. We, for the first time, show the
Curie temperature to be above 760 K. Quantitative analysis of magnetic interaction validates the applicability
of Bound Magnetic Polaron Model (BMP) which probably arises from the exchange interaction of Cr3+ ions
with related (Si, C) defects. The polaron density estimated from the BMP fit agrees well with the carrier density
obtained from the line shape fitting of Raman spectra.
I. INTRODUCTION
For developing a potential spintronics device it is necessary
to have a magnetic semiconductor which is compatible with
existing electronics principles. But to make a semiconductor
carrying magnetic properties is not easy. Inducing magnetic
order in a semiconductor by a transition metal doping has been
a trend since Dietl. et al predicted the room temperature fer-
romagnetism in wide band gap semiconductor i.e., Mn (5%)
doped GaN and ZnO [1, 2]. But it turns out that none of these
are room temperature ferromagnetic semiconductors. A re-
cent report on intrinsic ferromagnetic order in Co doped TiO2
has revived interest in dilute magnetic semiconductor DMS
[3]. It is known that SiC is a potentially wonderful material
for spintronics device on account of its unique properties un-
der extreme conditions such as high breakdown voltage, low
thermal conductivity and high thermal expansion coefficient
and hence can be used for high temperature and high power
electronics applications. Thus it is interesting to explore the
possibility of inducing ferromagnetism by doping transition
metal elements. Among the various transition metals explored
for inducing magnetism in 3C-SiC, the Cr substitution for Si
and its potential application for spintronics device is hardly
explored. We dope Cr in 3C-SiC to check whether it is pos-
sible to induce long range magnetic order in the host matrix
via a novel synthesis technique called carbothermal reduction
of silica in rice husk using plasma reactor [4, 5]. We must
emphasize that although there are some reports in the liter-
ature on Cr doped 3C-SiC single crystal, thin film and oth-
ers, there are no reports on detailed quantitative analysis of
magnetic interactions, and its temperature dependence [6–9]
to the best of our knowledge. Detailed investigation was car-
ried out to study the temperature dependence of X-band and
Q-band Electron Paramagnetic resonance both in high as well
as low temperature regimes. DC Magnetization, and temper-
ature variation Raman spectroscopy were carried out to check
the crystalline quality of the sample. Quantitative analysis of
magnetization is done using Bound Magnetic Polaron (BMP)
model and role of lattice defects such as Si/C vacancies along
with carrier concentration of transition metal element is dis-
cussed in details. A good agreement between the theory and
experimental data has been achieved while considering the
coupling between Longitudinal Optical (LO) mode with Plas-
mon induced by the surface deformation potential due to dop-
ing of transition metal element. So the LO phonon behavior
is largely affected by the Longitudinal Optical Plasmon Cou-
pling (LOPC) present in the system. In this report, we study
the role of carrier concentration and lattice defects in the sys-
tem as a function of temperature.
∗ nhk@iitm.ac.in
II. EXPERIMENTAL TECHNIQUE
The Cr doped bulk SiC polycrystalline samples were pre-
pared by carbothermal reduction method. Rice husk was
mixed with appropriate amounts of Cr2O3. The growth tem-
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Figure 1. (a) X-Ray Diffraction pattern of undoped and Cr doped 3C-SiC shows the single phase nature of the samples. (b) Raman Spectra of
undoped and Cr doped 3C-SiC at room temperature. It shows a clear shift and broadening of the spectra with increase in Cr concentration in
the host matrix. This can be attributed to the incorporation of Cr in the pristine sample.
(a) (b) (c) (d)
Figure 2. Transmission electron microscopy of undoped and Cr doped 3C-SiC. The figure clearly shows the four fold symmetry representing
the cubic crystal structure preserved in both undoped and Cr doped 3C-SiC.
perature and time were fixed at 1600 °C and 15 mins respec-
tively. The details of synthesis of SiC from rice husk can be
found elsewhere [4]. Typical experimental conditions are Ar-
gon gas flow – 2 LPM; current – 50A, and load voltage –
300V. The possible reactions for the formation of SiC from
Rice Husk can be written as
SiO2(amorphous)+3C(amorphous)→ SiC+2CO, (1)
where as the chemical reaction for Cr incorporation in SiC is
as follows
Cr2O3+2SiO2+3C→ 2CrSiC+CO2+5O ↑ .
The structural characterization was carried out using Rigaku
Smart lab X-ray diffractometer (XRD) with 9 kW power gen-
erator at room temperature and Horiba Jobin- Yvon HR-800
Micro Raman spectrometer with 488 nm laser wavelength.
The quantum design SQUID-Vibrating Sample Magnetome-
ter (VSM) was used to measure the magnetization at low tem-
perature (5K -350K) up to 7 T. The high temperature measure-
ments were carried out using a Lakeshore VSM. The valence
state of unpaired electrons, dipolar interaction and anisotropy
in the system was probed using electron paramagnetic reso-
nance spectrometer JEOL model JES FA 200. Fig. 1(a) shows
the X-Ray diffraction pattern of undoped and Cr doped 3C-
SiC. All diffraction peaks correspond to the cubic phase of
SiC with symmetry group F4¯3m. There was no signature of
secondary phase of SiC or Cr oxide phase and Cr compos-
ite which indicates that Cr3+ cation replaces the Si+4 cation
site in the 3C-SiC. It was found that the diffraction peaks of
Cr doped SiC were shifted to lower angles and intensity was
reduced in addition to an increase in Full Width at Half Max-
imum (FWHM). The corresponding expansion of the lattice
parameter is expected because the ionic radius of dopant Cr3+
ion (0.52 Å) was larger than that of the host Si4+ (0.40 Å).
The average crystallite size of the Cr doped SiC was (de-
termined by using Scherror’s formula) found to be < 100 nm.
The Raman spectra of undoped and Cr doped 3C-SiC is shown
in the Fig. 1(b). It clearly shows the variation of intensity and
peak position with Cr concentrations. In order to get a better
understanding of the systems, we use LOPC model to fit the
experimental data (Temperature variation Raman spectra) and
give the explanation for non monotonous variation of peak po-
sition and intensity of Raman spectra as a function of temper-
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Figure 3. Temperature Variation of X-band Electron paramagnetic resonance of undoped and Cr doped 3C-SiC. Fig. (a) shows the temperature
variation of EPR spectra of 3C-SiC. It clearly indicates an increase in intensity with an increase in temperature. Fig. (b, c, d) show Cr doped
3C-SiC. A sharp line along with a forbidden transition is an artifact of increase in Cr concentration. Fig. (e) shows a sharp line present in the
spectrum which goes on decreasing with decrease in Cr concentration. In addition to this, there is a forbidden transition appearing in case of
excess Cr doping in the system. Fig. (f) represents the effect of Cr concentration on EPR spectra at 300K. It shows that 3% Cr doped sample
has more line width and intensity as compared to other two Cr (1%, & 5%).
ature and concentrations. Transmission electron microscopy
selected area diffraction pattern (SAED) is shown in Fig. 2
which further confirms the crystalline quality of the samples.
III. ELECTRON PARAMAGNETIC RESONANCE
A. X Band EPR Spectra of Cr Doped 3C-SiC
Electron Paramagnetic Resonance (EPR) measurements
were carried out using a JEOL X-band (frequency - 9.5 GHz)
spectrometer using a rectangular cavity with 100 kHz field
modulation and phase sensitive detection. The (EPR) absorp-
tion peaks for pure 3C-SiC are located around 329.05 mT,
corresponding to g = 2.00 with the line width as narrow as
0.98 mT. This confirms the presence of vacancies in the host
matrix [10, 11] as shown in the Fig. 3(a). In order to probe the
nature of magnetic phase, spin dynamics, spin relaxation and
internal field, the temperature variation of EPR is an effective
tool. Fig. 3(a, b, c, d) shows the EPR spectra of doped and
undoped 3C-SiC with Cr (1, 3, 5) % concentrations recorded
at different temperatures (100K - 450K) using X-band rectan-
gular cavity. The spectrum of pure 3C-SiC sample has shown
the feature of resonance at resonance field Hr = 329.05 mT,
corresponding to g = 2.00 which could be due to the defects
present in the sample (VSi, Vc) [12]. The line shape parame-
ters and g value can be estimated from the analysis of the EPR
spectra by fitting it to the two component Lorentzian function
[13–15]. It comprises of two circular components of the ex-
citing linearly polarized microwave magnetic field. It can be
written as follows
dP
dH
=
2A
pi
d
dH
(
∆H
4(H−H0)2+∆H2
+
∆H
4(H +H0)2+∆H2
)
(2)
where A represent area of the absorption curve, H0 is the Res-
onance field and ∆H is the full width at half maximum in the
absorption curve.
The pick width can be obtained from the fitting by using the
formula ∆H pp = ∆H/
√
3, and g value can be calculated from
the fit parameter H0 by resonance condition g = hν/µBH0,
where h is Planck constant, ν is the microwave frequency and
µB is the Bohr magneton. The variation of integrated inten-
sity, Resonance field and peak to peak line width is shown in
the Fig 4. Here the temperature dependence of line width can
be explained by sum of both dipolar interaction and exchange
narrowing mechanism in 3C-SiC. The ferromagnetic signa-
ture present in the sample can be attributed to the exchange
interaction present in the system [16–19].
Even at very low doping concentration (1% Cr) in 3C-SiC,
the EPR signal mainly shows very broad line. The reduction
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Figure 4. (a) Variation of Integrated Intensity with temperature of 3C-SiC (b) peak to peak line width and variation of resonance field with
temperature for 3C-SiC.
in both line width and peak intensity has been observed with
an increase in Cr3+concentration. This broadening can be at-
tributed to dipolar interaction between isolated Cr3+ ions at
low concentration. The anti ferromagnetic coupling due to
exchange interaction between Cr3+nearby ions which is re-
sponsible for the reduction in intensity with an increase in
Cr3+concentration in host matrix has been observed in the
EPR spectra both at 100 K as well as 300 K shown in Fig.
3(e, f). Signal-I is a sharp line corresponding to unresolved
six hyperfine lines. However, the forbidden lines (∆MI =±1)
present in the signal I are due to slight lattice distortion from
an ideal tetrahedral structure. In Fig 3(b) is no forbidden
transition is observed in the EPR spectra for Si0.99Cr0.01C,
instead a small sharp line observed at 100K disappear with
an increase in temperature. Another broad resonance is also
obtained which increases in intensity with temperature. The
spectrum of (Si0.97Cr0.03C ) is shown in Fig. 3(c) also exhibits
3 different signals, such as
1. A dipolar interaction giving rise to a spectrum whose in-
tensity increases and line width decreases with increase
in temperature
2. A low field forbidden transition because of local distor-
tion due to replacement of Cr3+ ion in place of Si4+
3. A sharp line corresponding to Cr3+ ion available on the
surface of the sample, whose intensity decreases with
increase in temperature.
Si0.95Cr0.05C EPR spectra shown in Fig. 3(d) indicates the
dipolar interaction. It is possible that hyperfine average and
demagnetization field is responsible for broad line observed
in the sample. This dipolar broadening may be due to an in-
teraction between nearest neighbor Cr3+– Cr3+ ions at higher
concentration dopants in the host matrix. There is low field
resonance for all the temperatures. This could be due to a
forbidden transition caused by a local distortion from regular
tetrahedron by substitution of Cr3+ in place of Si4+. With an
increase in temperature from 100 K to 450 K, Signal (I) de-
creases in intensity and finally disappears. This is due to the
presence of Cr3+ ions on the surface. Again, signal (II) inten-
sity increases with increasing temperature and suddenly falls
drastically at 300 K. This might be due to a phase transition
(magnetic) in the system as is evident from Fig. 3(e, f). The g
value for 1%, 3%, and 5% Cr doped 3C-SiC increases with an
increase in composition due to an increase in dipolar interac-
tion. But at 5% Cr substitution, more Cr3+ sits at the surface
and dipole-dipole interaction intensity decreases as compared
to the sharp line produced by Cr3+ ions. So the Cr3+ ion
doping, affects the magnetic property by changing the struc-
ture of 3C-SiC with an increase in tetragonal phase of this
compound and influences the Si/C vacancies defect formation
process in the system. This is the reason for the formation and
destruction of FM order in Cr doped 3C-SiC. There appears
a ferromagnetic resonance (FMR) line due to Si/C vacancies
(defects) in Cr doped samples along with Cr3+ lines. Further,
there appears an intense and wide EPR line due to the interac-
tion among the Cr3+ ions in the system on account of excess
doping. The intensity and width of the line increases with in-
crease in concentration [20, 21].
B. Q Band EPR Spectra of Cr Doped 3C-SiC
We have recorded the EPR spectra of 3C-SiC with
chromium concentrations 1%, 3%, and 5% in Q-band (35.56
GHz) at different temperatures. The spectra are shown in Fig.
5(a, b, c, d,) where Cr3+ has d3 electronic configuration with
three unpaired electrons and normally is a quartet (S = 3/2)
ground state. Depending on the symmetry of the Cr3+ site,
and the distribution of charge compensating ‘holes’ around
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Figure 5. Q-band-EPR Spectra of undoped and Cr doped 3C-SiC. Fig. (a, b, c) represent the Cr3+ ion transition in Cr doped 3C-SiC. Fig. (d)
represents all three transitions due to excess doping of Cr3+ for both low and high fields have been shown. Moreover, there is an additional
peak which corresponds to the defect present in the system.
the defect, the zero-field spin-spin interactions between the
electrons (even in the absence of the external field) lead to the
presence of two Kramer’s doublets with spin quantum num-
bers |±1/2〉 and |±3/2〉 with a separation of 2D. Here D is
the zero-field splitting when the symmetry of the crystal field
is tetragonal. But due to charge compensating effect in a lat-
tice, where Cr3+ is occupying Si4+ lattice sites or even in an
interstitial site, the crystal field symmetry may well be rhom-
bic leading to an E-term. The EPR spin Hamiltonian of Cr3+
can be written as
H = D
[
S2Z−
1
3
S (S+1)+
E
D
(
S2x −S2y
)]
+g0βSH, (3)
where D→ Zero field splitting parameter (ZFS), E→ Rhom-
bic splitting parameter at zero field, E/D is Rhombicity which
is 0 (minimum) for an axial system and 0.5 (maximum) for a
rhombic system. g0βSH → the paramagnetic contribution to
the spin Hamiltonian arising from the isolated electrons.
For 3 unpaired electrons (S = 3/2): The four magnetic
spin quantum numbers (sub levels) for ms, can be written as
Sz = −3/2, -1/2, 1/2, and 3/2. So the energy for the ±3/2
level will be: D[9/4−1/3(3/2×5/2)] = D[9/4−5/4] = D.
And the energy for the ±1/2 level will be: −D. Energy level
diagram of S = 3/2, Cr3+ progressively under crystal field,
zero-field interaction and magnetic field is shown in Fig. 6.
The separation between the two doublet levels is 2D. Typi-
cal splitting of the spin energy levels in the case of S = 3/2
is given in the above figure. In the above figure, the three
Ms = ±1 allowed transitions are indicated by the double-
headed arrows. If the zero-field splitting is very large then
2D could be larger than the Micro Wave quantum.
+1/2
-1/2
-3/2
+3/2
4F
4T2
±1/2
±3/2
4A2
4T1
4B1
Free
ion
Octahedral
field
Tetragonal
field
Zero field
Splitting
Magnetic
Field
Figure 6. Energy Level Splitting in the presence of Magnetic Field
Only two of the allowed transitions, namely, |−3/2〉 ↔
|−1/2〉 and |−1/2〉 ↔ |+1/2〉 can be seen in the spectrum,
and this is exactly the case in our Cr3+ doped 3C-SiC at X-
band at Cr3+ concentrations of chromium namely 1%, and
3% [22, 23]. As the concentration of chromium is increased
from 1% to 5%, there is a progressive anti-ferromagnetic ex-
change coupling between neighboring chromium ions leading
to a reduction in the magnetization, and also narrowing of the
spectral lines. At 5% concentration of chromium at Q-band
frequencies we were able to see all the three zero-field transi-
tions shown in Fig. 5(d).
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Figure 7. (a, b, c) Q-band EPR spectra variation with temperature for (1%, 3% & 5%) Cr doped 3C-SiC. It shows the Cr3+transitions at
higher temperature with different chromium concentration present in the system.
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Figure 8. (a) Raman spectra of Si0.95Cr0.05C and (b) HRTEM image of stacking faults. Dark lines represent stacking faults formed during the
synthesis of the sample and corresponding peaks are shown in the Raman spectra.
In systems where the zero-field interaction is large, we treat
each Kramer’s doublet as a ‘fictitious’ spin 1/2 system, al-
though the total spin remains 3/2. Under this circumstance,
the g-values arising from these doublets will occur at g-factors
which are far removed from g = 2. For transitions between
Ms = |±3/2〉, |±5/2〉 and |±7/2〉, Kramer’s doublet will re-
spectively occur at g = 6, 10 and 14. It is seen in the Q-band
spectrum of 5% Cr3+ doped 3C–SiC that a broad absorption
occurs at g = 4 corresponding to an allowed transition from
Ms = |+1/2〉 ↔ |+3/2〉 which was not accessible for the X-
band quantum, but the Q-band quantum is adequate to cover
this transition. Fig. 5(a) shows the room temperature Q band
ESR spectra of 1%, 3% and 5% Cr doped 3C-SiC. At 5%
Cr concentration level, we were able to see all the 3 transi-
tions. The increase in Cr concentration enhances the forma-
tion of defects as confirmed by Raman and HRTEM studies.
Moreover, as the temperature rises, the intensity of Q–Band
EPR spectra decreases with an increase in concentration. This
might be due to the fact that an increase in Cr concentration
favors to build up the anti-ferromagnetic interactions in the
system. This is also evident from the magnetic measurement
data. The magnetic moment suffers a reduction as the Cr con-
centration increases in the system. There is yet another possi-
bility in the case of Cr3+ concentration exceeding 3%.
With an increase in the hole concentration due to charge
compensation, it is possible that excess chromium may act
as a hole-trap, generating a small amount of Cr4+ which will
get stabilized because of its charge equivalence to the lattice
Si4+substitution site, further favored by its reduction in ionic
radius. If this is in fact what happens upon excess doping of
Cr3+, then we have a small percentage of d2 in Cr4+ which is
a triplet state and is known to have a very large zero-field split-
ting as observed by Baranov et. al. [24]. These authors report
resonances with g= 3.7 and 1.77 for Cr4+ in chromium doped
6H-SiC. It can be seen in our Q-band spectra that at high Cr
concentration, there is a reduction in Cr3+ features and simul-
taneous appearance of new features at g = 3.8 and 1.8. This
presumably is due to the formation of Cr4+ by hole trapping
on excess Cr3+. In addition to this, Q-band EPR spectra at
high temperature (330-450)K confirms the Cr valence state as
Cr3+ and magnetic phase transition in Cr doped 3C-SiC, as
shown in Fig. 7(a, b, c).
IV. RAMAN STUDY
Raman scattering spectra of 3C–SiC and Cr doped 3C–SiC
with different doping concentrations (1, 3, 5) % were mea-
sured from 100 K to 840 K, see Fig. 1(b). It can be seen that
there are two characteristics overlapping bands at 796 cm−1
and 789 cm−1 observed in the 3C–SiC system along with
some additional defect peaks [25, 26]. These are assigned to
the folded transverse optical (FTO) bands, folded longitudinal
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Figure 9. (a, b, c, d) TO Fit for undoped and Cr doped 3C-SiC at 100K. In all four cases blue circles represent the experimental data while
dotted lines represent the fit.
Sample 3C-SiC Si0.99Cr0.01C Si0.97Cr0.03C Si0.95Cr0.05C
A (cm−1) 795.1 795.2 795.0 800.0
B (cm−1) 15.0 32.5 15.0 23.7
L(A˚) 25.5 37.7 30.0 25.5
Γ0(cm−1) 11.7 8.5 11.7 8.5
Table I. Fitted parameters on TO modes for samples, excited by the 488 nm at T =100K.
optical (FLO) bands, and defect peaks respectively. How-
ever TO band is doubly degenerate. But due to the reduction
of symmetry in the system from cubic to other crystal struc-
ture on account of the formation of other polytypes or defects
(stacking faults), the degeneracy is lifted and transverse com-
ponent shifts to lower wave number side. The increase in de-
fect number density broadens the observed signals and in the
case of excess number density it may induce stacking disor-
der in the system. Furthermore, signature can be seen in the
spectra as an additional peak at lower wave number as shown
in Fig. 8. As a result of this, unit cell volume of 3C-SiC
polytype increases, and the Brillouin zone is reduced by zone
folding phenomena. This results in the appearance of new
phonon modes (i.e. folded modes) in the spectra [26]. A simi-
lar effect can also be realized in a system where the periodicity
has been lost due to disorder or defects present in it. This al-
lows the Raman scattering with wave vector k = 0 to appear
in the spectrum due to the relaxation in wave vector selection
rule. The band at 789 cm−1 is a FTO band caused by an effec-
tive reduction in symmetry. A separation of 7 cm−1, has been
found between TO and FTO bands, similar to that found in
6H-SiC [27]. Similar to the peak at (767 cm−1), FTO band of
the 6H structure, another shoulder peak at 766 cm−1has been
identified as a signature of random stacking fault present in
the system. The Eq. 4 used for the fitting of experimental data
by using the spatial correlation model (SCM) is given below:
I(ω) ∝
∫ 1
0
exp
(−q2L2
4
)
d3q
[ω−ω (q)]2+[Γ0/2]2
, (4)
here I(ω) → Transverse Optical Raman scattering intensity,
q→ function of 2pi/a, a → Lattice constant, L → Phonon
propagation length characterizing the quality of the crystals,
Γ0 → FWHM of the Raman peak of TO (LO) phonon of the
bulk crystalline 3C-SiC. Fitting of experimental Raman data
with theoretically stimulated spectra for 100K and 800K data
are shown respectively in Figs. 9 and 10. The correspond-
ing fitting parameters are shown in Tables I and II. From the
analysis of the TO mode recorded at RT, reduced crystallinity
and formation of stacking faults were observed due to excess
doping of Cr3+ ions [26]. In addition to this, the possibility
of the formation of Longitudinal optical plasmon mode in po-
lar semiconductor is also more likely. Since SiC is a polar
semiconductor, the asymmetric broadening of FLO mode in
Cr doped 3C-SiC can be attributed to the Longitudinal Optic-
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Figure 10. (a, b, c, d) TO fit of Raman spectra of undoped and Cr doped 3C-SiC at 800K. In all four cases red circles represent the experimental
data whereas dotted lines represent the fit.
Sample 3C-SiC Si0.99Cr0.01C Si0.97Cr0.03C Si0.95Cr0.05C
A (cm−1) 795.0 796.0 795.0 800.0
B (cm−1) 15.0 23.7 21.2 41.2
L(A˚) 25.4 35.5 20.5 20.7
Γ0(cm−1) 11.7 5.3 8.5 11.6
Table II. Fitted parameters on TO modes for samples, excited by the 488 nm at T = 800K.
al Plasmon Coupling mode (LOPC) present in the system. In
order to check the validity of the assumption, we tried to fit
the experimentally obtained data to LOPC model. It fits quite
well as can be seen in Figs. 11 and 12. Corresponding fit-
ting parameters can be found in Tables III and IV. The LOPC
fitting was done with the experimental data in a temperature
range (110 – 840) K. There is a linear relationship between
carrier concentration and Raman shift of the LOPC mode in
SiC. The non monotonous variation of LOPC peak with tem-
perature and carrier concentration can be explained as a cou-
pling between the temperature dependent LOPC mode with
carrier concentration [28–30]. The variation of peak intensity
and peak position with temperature and doping concentration
was analyzed by Line shape fitting, using Eq. 5 and classical
dielectric function (CDF) for all Cr doped 3C-SiC samples.
ILOPC =
d2S
dωdΩ
∣∣∣∣
A
=
16pihn2
V 20 n1
ω42
C4
(
dα
dE
)
(ε∞+1)AIm
(
−1
ε
)
(5)
where A and ∆ are respectively defined by Eqs. 6 and 7
A = 1+2C
ω2T
∆
[
ω2pγ(ω
2
T −ω2)−ω2η(ω2+ γ2−ω2p
]
+
C2ω4T
∆
(
ω2L−ω2T
) [ω2pγ (ω2L−ω2T )+ω2pη (ω2p−2ω2)+ω2η (ω2+ γ2)]
(6)
∆=ω2pγ
[(
ω2T −ω2
)2
+(ωη)2
]
+ω2η
(
ω2L−ω2T
)(
ω2+ γ2
)
(7)
In these equations, ωL → LO mode frequency, ωT → TO
mode frequency, η→ phonon damping constant, γ → plasma
damping constant, α → Polarizability, E → Electric field, n2
is the refractive index and ω2 is the scattered frequency.
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Figure 11. (a, b, c, d) LOPC fit of Raman spectra of undoped and Cr doped 3C-SiC at 100 K. In all four cases blue circles represent the
experimental data while dotted lines represent the fit.
Sample 3C-SiC Si0.99Cr0.01C Si0.97Cr0.03C Si0.95Cr0.05C
ωp (cm−1) 5.0 48.9 92.7 136.6
γ (cm−1) 89.4 234.4 136.5 92.78
η(A˚) 1.0 2.2 1.1 1.2
n (×1016cm−3) 0.1 11.4 41.0 89.1
Table III. Fitted parameters on LO- phonon modes for samples, excited by the 488 nm at T =100K.
The total Dielectric function due to phonons and plasmons
can be described as
ε(ω) = ε∞
(
1+ω2L−ω2T
ω2T −ω2− iωη
− ω
2
p
ω (ω+ iη)
)
, (8)
ω2p =
4pine2
ε∞m∗
, (9)
where C → Faust-Henry coefficient = 0.35. It can also be
modified by Cr doping in pure 3C-SiC because of deformed
potential present in the system
C =CFH
ε (r)∞mω
2
T
[
ω (r)2Lm−ω (r)2T m
]
f∞ω2T m
(
ω2L−ω2T
)

1/2
, (10)
here ωp→ Plasma frequency, n→ free carrier concentration,
m?→ effective mass and ε∞m→High field dielectric constant,
ωT m→ Transverse Optical mode frequency, ωLm→ Longitu-
dinal Optical mode frequency. Raman scattering intensity of
LO mode can also be described by a Lorentz profile function
for undoped 3C-SiC which can be expressed as
IA1(LO) =
I0(
ω−ωs
Γs
)2
+1
, (11)
where ωs → LO phonon frequency near the Brillouin zone
center, Γs→ Line width of peak and I0→ constant.
The LOPC frequency can be calculated by using the equa-
tion
ω2LOPC =
(
ω2p +ω2LO
)
+
√(
ω2p +ω2LO
)2−4ω2pω2TO
2
. (12)
The carrier density calculated by using LOPC fit with experi-
mental data varies from 1.8 ×1015 to 4.2 ×10 17cm−3 with
temperature. The damping of phonon and plasmon could
be the reason for this behavior in the Raman spectra of Cr
doped 3C-SiC. Phonon life times were calculated using Ra-
man FWHM through the energy-time uncertainty relation,
where ∆E is the Raman FWHM in units of cm−1 and Planck
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Figure 12. (a, b, c, d) LOPC fit of undoped and Cr doped 3C-SiC at 800K. In all four cases blue circles represent the experimental data while
dotted lines represent the fit.
Sample 3C-SiC Si0.99Cr0.01C Si0.97Cr0.03C Si0.95Cr0.05C
ωp (cm−1) 36.6 180.5 201.6 312.2
γ (cm−1) 90.0 136.1 168.8 224.4
η(A˚) 1.0 1.2 1.1 1.1
n (×1016cm−3) 6.4 155.6 194.0 465.5
Table IV. Fitted parameters on LO- phonon modes for samples, excited by the 488 nm at T = 800K.
constant h = 5.3× 10−12 cm−1s. The phonon lifetime τ is
largely affected by the reduction of the symmetry present in
the system and can be explained by two mechanisms called
(a) phonon-carrier scattering and (b) phonon-phonon scatter-
ing respectively. The life time calculated from Raman spec-
tra lies in the range of picosecond which indicates that the
carrier - phonon interaction scattering is the dominant mecha-
nism [31].
V. ISOTHERMAL MAGNETIZATION STUDY
DC magnetic measurements were carried out using vibrat-
ing sample magnetometer in the low and high temperature
regimes. Fig. 13 shows the FC (field cool) – ZFC (zero field
cool) plot of undoped and Cr doped 3C-SiC up to 300K. In
the case of pure 3C-SiC, FC-ZFC curves show a small bifur-
cation. This might be due to the defects present in the sample.
But the magnitude of magnetization is extremely small. The
isothermal field variation shows small hysteresis with low mo-
ment at 5K, whereas only a diamagnetic response is observed
above 80K. The weak ferromagnetic like response at 5K may
be due to the defects (Si or C vacancies) present in the sam-
ple. The electron trapped in such vacant sites (F-Centers) may
interact to give a weak ferromagnetic response. The Cr doped
samples show a clear bifurcation up to room temperature. The
clear bifurcation of FC-ZFC plot of Cr doped sample indicates
the ferromagnetic order present in the system. The Curie tem-
perature (TC) is found to be above 780 K as shown in the Fig.
13 and the transition becomes less sharper with an increase
in Cr Concentration [32]. The Corresponding M-H curve is
shown in Fig. 14(a, b, c). It can be seen that hysteresis goes
on decreasing with an increase in temperature. With increas-
ing Cr concentration, though hysteresis increases, the satu-
ration magnetization decreases. This may be due to setting
up of anti ferromagnetic order in the system which happens
further on account of excess doping of Cr. This is also ev-
ident from the high temperature M-T plots of all the doped
samples. The origin of long range ferromagnetic order in Cr,
Mn, Fe, Co and Ni doped wide band gap semiconductors have
been a topic of research for decades. As physical properties
of materials are intrinsically related to the structure of the ma-
terials, the synthesis procedure, experimental conditions and
morphology plays very decisive role. We have prepared the Cr
doped 3C-SiC by carbothermal reduction of silica from rice
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Figure 13. (a) FC-ZFC Plots of undoped and Cr doped 3C-SiC. The concave upward nature of both FC-ZFC plots with field indicates the
ferromagnetic nature of the samples. (b) M-T Plots of undoped and Cr doped 3C-SiC samples. It can be seen that the transition is sharper with
increasing Cr concentration (1%, 3%) and becomes broader at 5% Cr concentration due to the present of anti ferromagnetic interaction present
in the system.
husk at extremely high temperature (1500◦C). The experimen-
tal conditions is very much liable for the formation of the lat-
tice defects such as vacancies and interstitial in the system.
The substitution of Cr at the Si site turns out to be more prefer-
able under these experimental condition. This has been con-
firmed by structural and spectroscopic investigation via XRD,
Raman and EPR techniques. Moreover, the Cr substitution at
Si sites exhibits more stable ferromagnetism [8]. From EPR,
it is confirmed that the Cr ion is present at both tetrahedral and
octahedral co-ordination sites and is in the trivalent state. The
chromium in Cr3+state can exhibit low spin or high spin state.
Usually Cr3+in low spin state does not induce magnetism but
in high spin state can induce a weak magnetization in the
system. The long rang order in magnetic interaction can be
explained by the exchange interaction between F-Centers (an
electron trapped with positive charge vacancy) in the system.
This is known as the so called Bound Magnetic Polaron Model
and was first invoked to explain the magnetic interaction in
Oxide based Dilute magnetic semiconductors [33–35]. Here,
the [Si, C] vacancy, being positively charged, traps the elec-
tron and it is referred to as an F center. Si/C vacancies in this
system are adjacent to the Cr dopants in the lattice, leading
to an F-center exchange. In order to explain the mechanism
responsible for magnetic interaction in the system, the role of
magnetic impurity (Carrier concentration) and vacancy den-
sity has to be taken into consideration. In Cr doped 3C-SiC,
the interaction between vacancies (Si/C) nearer to Cr dopants
leads to a ferromagnetic order in the system. It is possible that
the doping of 1% and 3% Cr in the host matrix might have
increased the (Si/C) vacancies with the regular substitution at
Si sites that resulted in increased magnetization of the system.
Further increase in Cr concentration might have exceeded the
solubility limit. Due to this increase, there is a net reduction in
the magnetization in 5% Cr doped 3C-SiC. Due to excess car-
rier concentration, the distance between Cr–Cr ions decreases
and Cr also goes to a interstitial position in the lattice. This
occupancy destroys the F-centers exchange interaction induc-
ing anti ferromagnetic interaction the system. The net result
is reduction in total magnetization. This can be confirmed
from the sharp line in EPR spectra shown in Fig. 3(b, c, d).
Thus, along with Cr dopants’ density, the F-centers, i.e., the
Si vacancies play a crucial role in invoking a ferromagnetic
exchange interaction through carrier mediated Polaron inter-
action. To check the validity of the BMP model, we have fitted
the experimental magnetization data to the relation
M = M0L(x)+χmH (13)
M0 = Nms, L(x) = coth(x)− 1x , X =
meffH
kBT
(14)
where
ML0(x)→ BMP contribution
χmH → Paramagnetic contribution
M0 = Nms
N → No of BMP involved in the interaction.
ms → Effective spontaneous moments per BMP
L(x)→ Langevin function
X → True spontaneous moment per BMP and
at higher temperature ms = meff M0,
ms, meff → Variable in fitting process
meff → The spontaneous moment per BMP = 10−17
Details of the fitting parameters have been given in Table V.
We propose the BMP model to explain the high temperature
behavior of Cr doped 3C-SiC. To build up a long range BMP
percolation in the system, the concentration of BMP has to be
1020/cm3. However, the number density obtained from the fit
is smaller than this number. The fitting of experimental mag-
netization data to the theoretical BMP model is shown in the
Fig. 15(a, b, c). The calculated low concentration of BMPs
can’t be held responsible for the observed magnetic interac-
tion in Cr doped 3C-SiC. The effective Bound Magnetic Po-
laron radius is found to be' 17 nm. The long range magnetic
order in the system can be established due to BMP percolation
in the presence of the lattice defect in the system. In addition
to that, the role of Magnetic impurity is also significant. If
there is more BMP density, the possibility of the interaction
between two isolated Cr ions will be less, otherwise there will
be isolated Cr-Cr ions which can have rare FM interaction
12
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Figure 14. (a, b, c) M-H plots of undoped and Cr doped 3C-SiC at 5K, 80K and 350K respectively. Pure 3C-SiC shows clear diamagnetic
behavior with increase in temperature. On the other hand, coercivity of Cr doped samples decreases with increase in temperature.
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Figure 15. BMP fit with experimental data of Cr doped 3C-SiC.
without the presence of defects [36, 37]. This is because,
in case of short range interaction, it would align in an anti-
ferromagnetic manner. So the doped magnetic cation prevents
it from happening and helps to set a long range magnetic in-
teraction in the system. The blue shift of the Raman spec-
tra clearly reveals the formation of Si/C vacancies. The no
of cation sites Vc within a sphere of radius rH ranges from
10 to 100 depending upon the value of rH . The lower value
of measured magnetization in undoped 3C-SiC (10−3emu/g)
must have been due to defect induced origin as has been men-
tion in the literature. But with Cr3+ ion doping, magnetization
value has increased in Cr doped 3C-SiC. Thus it seems that
both magnetic ions as well as defects are important elements
to attain high moment as well as high TC as observed here in
our sample. Fig 16(a, b) shows ferromagnetic part contributed
from BMP percolation after subtracting the paramagnetic part
[38]. Magnetic moment of 3% Cr doped sample is high as
compared to 5% Cr doped sample. A plausible reason can be
an increase in Cr concentration, as it favors the formation of
more no of defects and hence more no of BMPs. But further
increase in Cr concentration (5%) may favour the initiative
of exchange interaction and reduce the magnetization as the
distance between Cr-Cr ions decreases.
VI. CONCLUSION
In this study, for the first time, we have reported room tem-
perature ferromagnetism in Cr doped 3C-SiC and found a no-
ble method to determine the charge carrier density by using
the LOPC model. The X-band EPR spectra of Cr doped 3C-
SiC reveals multi valence states of chromium. The Q-band
EPR spectra clearly reveals the presence of Cr3+ ions in the
system. The non monotonous variation of Raman shift and
phonon life time can be explained by invoking phonon - car-
rier scattering process (LOPC model). Room Temperature
FM has been observed in Cr doped 3C-SiC. The observed FM
could be explained on the basis of intrinsic exchange interac-
tion of Cr ions and VSi, Vc defects present in the system. Both
Cr3+ ions, as well as defects, play a decisive role to attain a
high temperature long range magnetic order. Substitution of
Cr3+ in place of Si4+ enhances the defect concentration and
thereby sets up long range magnetic order in the system. But
the excess doping of Cr ion in the host matrix introduces anti-
ferromagnetic order and leads to the suppression of the ferro-
magnetic interaction caused by BMP percolation. Solubility
limit of Cr in 3C-SiC has been found to be 3%.
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Figure 16. BMP fit with experimental data after subtracting para magnetic contribution showing ferromagnetic part of Cr doped 3C-SiC.
T(K) Meff×10−17 (emu) χm×10−6(emu/gOe) N×1017(cm−3) Ms(emu /g) HC(Oe) Mr(m emu/g)
350 7.65 1.30 0.016 0.04 64 0.002
80 1.79 4.17 0.013 0.07 180 0.011
5 104 0.11 236 0.77 300 0.023
(a) BMP Fitting Parameters of Si0.99Cr0.01C
T(K) Meff×10−17 (emu) χm×10−6(emu/gOe) N×1017(cm−3) Ms(emu /g) HC(Oe) Mr(m emu/g)
350 8.7 70.02 0.033 0.09 8 0.006
80 1.92 3.09 0.025 0.15 71 0.009
5 328 0.12 43.320 0.44 268 0.036
(b) BMP Fitting Parameters of Si0.97Cr0.03C
T(K) Meff×10−17 (emu) χm×10−6(emu/gOe) N×1017(cm−3) Ms(emu /g) HC(Oe) Mr(m emu/g)
350 8.15 536 0.008 0.02 70 0.001
80 1.78 2.35 0.065 0.03 150 0.004
5 780 5.85 390.210 0.94 210 0.013
(c) BMP Fitting Parameters of Si0.95Cr0.05C
Table V. BMPs Fitting parameters extracted from experimental data by using BMP model.
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